Abstract:
Introduction
Breast cancer is the most frequently diagnosed cancer in the world and the most common cause of cancer-related death among women [1] . Breast cancer was considered a single homogenous entity for almost a century, until advances in the understanding of the underlying biology during the last 25 years revealed the great heterogeneity of the disease. Moreover, treatment advances such as newer chemotherapy regimens and tailored treatment according to hormone receptor and human epidermal growth factor receptor 2 (HER2) status led to improvements in disease specific and overall survival. Despite this considerable progress, a subgroup of breast cancers, categorized as "triple negative", currently lack recognized targets for molecular-oriented therapies.
Triple-negative breast cancer (TNBC) is defined as a primary breast adenocarcinoma, which lacks expression for estrogen receptor (ER) and progesterone receptor by immunohistochemistry (IHC) and HER2 overexpression or amplification by IHC or in situ hybridization, respectively [2, 3] . First recognized as a distinct breast cancer subgroup in 2005 [4] , TNBC accounts for approximately 10-20% of newly diagnosed breast cancers. TNBC has a distinct epidemiology, histology and clinical course, whereas there is an increasing recognition of its significant heterogeneity. In general, TNBC is associated with a particularly poor prognosis despite its relative chemosensitivity, a fact partly attributed to its unique biological characteristics and to the lack of approved targeted treatments for this breast cancer subtype [5] . However, the delineation of the pathways that drive TNBC has led to the development of novel treatment strategies that have shown promise in clinical trials and it is hoped that these may prove beneficial to patients with TNBC.
In this review, we summarize the current state of knowledge of TNBC, including its epidemiology, natural history, pathology, molecular biology and treatment and provide an update on novel therapeutic approaches.
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Triple-negative breast cancer:
one or more entities? 1 Characterized by an aggressive clinical course and relatively poor prognosis, triple-negative breast cancer (TNBC) refers to a diverse group of tumors with distinct molecular characteristics rather than to a single entity. The recognition of distinct gene expression subtypes within the group of TNBC and the description of an ever-expanding set of genetic events has led to improved understanding of the underlying biology. However, the improvement of clinical results has been incremental despite undergoing efforts to evaluate the role of molecularly targeted agents in the treatment of TNBC. The relative rarity of each one of these genetic events increases the difficulty of conducting large clinical trials, further hindering our ability to identify meaningful, personalized treatment approaches. Herein, we summarize current knowledge on TNBC, focusing on molecular pathology and emerging treatment approaches.
Epidemiology
Several risk factors that are associated with the development of TNBC have been described during the previous years and these include [6] : Age: Women under the age of 40 years old have a twofold increased risk for TNBC (Odds Ratio OR 2.13, 95% CI 1.34-3.39) [7] . The effect of age was also shown in another study where patients with TNBC tended to be of younger age compared with patients with luminal A breast cancer (P <0.0001) [8] .
Race: The effect of race in the risk for TNBC has been well described in several studies. In a report by Stead et al, the odds of having TNBC were threefold higher in African Americans compared to white women, regardless of menopausal status and obesity [9] . Also, in an analysis of 496 cases from the Carolina Breast Cancer Study, the researchers concluded that premenopausal African American women had the highest prevalence of TNBC followed by postmenopausal African American women and premenopausal white women [10] , a finding that may explain the poorer prognosis of breast cancer among this ethnic group. Interestingly, among 507 women divided in two cohorts in Nigeria and Senegal, only 25% of cancers were ER positive; the most common molecular subtypes were basal like (27%) and unclassified triple negative (28%), compared to 28% that were luminal A or B [11] . The underlying mechanisms of the increased risk for TNBC among women of African descent are unclear.
Hormonal related factors: Premenopausal status has been found to correlate with increased risk for basal-like breast cancer, a molecular subtype that significantly overlaps with TNBC [10, 12] . However, the age of menarche and menopause have not been correlated to the risk for TNBC in contrast to hormonedriven breast cancers. Moreover, contrary to previously described risk factors for ER-positive breast cancer, nulliparity seems to have a protective effect for TNBC (Hazard Ratio = 0.61, 95% CI 0.37-0.97), whereas the risk increases in association with the number of births [13] . The examination of the effect of breastfeeding on the risk for TNBC yields conflicting results, with one study showing a protective effect and no effect in another [12, 13] . Moreover, the use of contraceptives was associated with a significant increase of TNBC among women under 40 years old in one study [14] , but not in another [13] .
Obesity: The association between obesity and TNBC has been described in several studies [7, 10] and was confirmed in a meta-analysis showing that a body mass index over 30 correlated with increased risk for TNBC (OR 1.2, 95% CI 1.03-1.40). The effect of obesity in this meta-analysis was found to apply to premenopausal women only (OR 1.43, 95% CI 1.23-1.65) [15] . On the other hand, at least one study did not find an effect of obesity on risk for TNBC [9] .
Smoking and alcohol: Several studies support the role of alcohol consumption and smoking as risk factors for breast cancer [16] [17] [18] [19] . However, a study of women enrolled in the Women's Health Initiative confirmed their role as risk factors for ER-positive breast cancer but found that smoking did not alter TNBC risk and alcohol had a protective effect [20] .
Pathology and natural history
The most common histology of TNBC is infiltrating ductal carcinoma, not otherwise specified; medullary carcinoma is also more commonly triple negative [21] . Moreover, rare histologic types, such as adenoid cystic and secretory carcinomas that follow a more indolent course and the aggressive metaplastic carcinomas, are commonly triple negative [22] . Triple-negative tumors tend to be larger on presentation [23] , are usually of high grade, present significant atypia and exhibit specific morphologic features, such as increased mitotic counts, geographic necrosis, pushing border of invasion and stromal lymphocytic response [21] . In contrast to other breast cancer subtypes, even small triple-negative tumors can be node positive (55% of women with <1cm TNBC in one study) [23] , whereas nodal positivity does not increase with size in the same manner as in ERpositive tumors.
TNBC is rarely diagnosed mammographically, which may be due to its detection in younger women and its aggressive growth [23] . Moreover, ER-negative tumors more frequently present as interval breast cancers relatively to ER positive ones. [24] . Like any other breast cancer subtype, the staging of triple-negative tumors follows the American Joint Committee on Cancer -International Union for Cancer Control (AJCC-UICC) tumor node metastases system, currently in its seventh version [25] .
Overall, triple-negative tumors carry a poor prognosis compared to other breast cancer subtypes [23, 26, 27] . In a study of 15,204 women with breast cancer, 2569 women with TNBC were identified. Overall survival (HR 2.72, 95% CI 2.39-3.10) and breast cancer-specific survival (HR 2.99, 95% CI 2.59-3.45) were significantly shorter for patients with TNBC, a difference that was most pronounced during the first 2 years after diagnosis (HR 6.10, 95% CI 4.81-7.74). Also, patients with TNBC are more likely to develop visceral (especially lung) and brain metastases but less likely to develop bone metastases compared to ER-positive tumors [27, 28] . Moreover, the survival curves of TNBC patients differ greatly compared to those of ER-positive breast cancer patients: there is a dramatic increase of the risk of death during the first 3-5 years after diagnosis but recurrences after 10 years are rare [26, 28] , implying that some patients may be cured. Interestingly, in a retrospective single-center study, Hamm et al found that when adjusted for age, stage, grade, size of tumor and treatment, women with TNBC had the same prognosis as non-TNBC ones [29] . This study and others [30] underscore the fact that size is an important predictor of survival for TNBC.
Molecular subtypes of triple-negative breast cancer
In their seminal work, using cDNA microarray analysis, Perou et al divided breast cancer in distinct molecular intrinsic subtypes. Luminal A and luminal B express genes found in luminal cells and widely overlap with ER-positive cancers, HER2 enriched that accounts for most HER2 positive cancers, normal breast-like (not widely adopted since it could be due to contamination of samples with normal tissue) and basal-like subtypes, which present a significant overlap with TNBC [31] . Pathology-based surrogate definitions of these intrinsic subtypes using hormone receptor, ki-67 and HER2 expression are commonly used in clinical practice [32] . Basal-like breast cancers are characterized by the absence or low levels of luminal gene expression, absence of HER2 gene cluster expression, and by the expression of genes usually found in basal or myoepithelial cells of the normal breast, such as the basal epithelial cytokeratins (CKs) 5, 14 and 17. Up to 80% of basal-like cancers are triple negative and approximately 70% of triple-negative tumors are basallike. In clinical practice, besides the triple-negative definition, the IHC determination of basal CKs (CK5/6, CK14 and/or CK17), Epidermal Growth Factor Receptor (EGFR) and c-kit have been used as surrogates for the basal-like phenotype [33] . Interestingly, TN tumors that are not basal-like exhibit remarkably similar gene expression compared to non-TN tumors [34] . Also, there is a significant phenotypic overlap between TNBC/ basal-like tumors and BRCA1-associated cancers; 80% of these cancers are basal-like and in spite of the fact that the majority of basal-like tumors do not harbor a BRCA1 mutation, the BRCA1 pathway is commonly deficient in this group of patients [35] . However, there is considerable heterogeneity among triple-negative/ basal-like cancers as some exhibit strong expression of proliferation genes, whereas others express growth factor receptor pathway genes, with basal-like cancers demonstrating the greatest genetic variation [36, 37] .
Following the seminal study by Perou et al, similar studies using microarray-based class discovery analysis led to the recognition of additional subtypes of breast cancer. Claudin-low tumors consist of a distinct molecular subtype, characterized by low-toabsent expression of luminal differentiation markers, enrichment for epithelial-to-mesenchymal transition markers, immune response genes and cancer stem cell-like features. Approximately 5-10% of breast cancers are claudin-low; among claudin-low tumors, up to 70% are triple negative, and among TNBC, approximately 30% are claudin-low [38] . Claudin-low tumors have a response rate to chemotherapy that is intermediate between luminal and basal-like tumors and have a better prognosis compared to basal-like ones. Less common molecular subtypes that are frequently clinically triple negative include the interferon-rich or immunomodulatory (IM) subtype, enriched in genes involved in immune processes and associated with a significantly better prognosis as it may represent the medullary breast cancer and the molecular apocrine cancers [androgen receptor-driven (AR) subtype], which offers the promise of targeted treatment against the AR for a small minority of patients with TNBC [39] .
In an effort to decipher the heterogeneity of TNBC and to identify potential treatment targets, Lehmann and colleagues performed specific molecular subtyping of TNBC [40] . Using gene expression analyses, the authors described six distinct and reproducible gene expression subtypes of TNBC with differing biology, including two basal-like (BL1 and BL2), an IM, a mesenchymal, a mesenchymal stem-like (MSL) and a luminal AR (LAR) subtype. These subtypes were found to be enriched in distinct gene expression patterns defined by M features, immune system-related genes, DNA damage response genes, and activated AR signaling (Table 1) . Furthermore, in the same study, they identified triple negative cell lines that could serve as models for each subtype and employed pharmacological targeting of the respective driver signaling pathways. Using this approach, they were able to identify putative treatment targets according to the specific subtype (Table 1) , as a proof-of-concept that analysis of distinct gene expression signatures can be used to guide treatment selection in TNBC.
PAM50 is a clinically applicable gene expressionbased predictor that robustly identifies the main breast cancer intrinsic subtypes by quantitative measurement of 50 genes [41] . To determine the relationship between PAM50 intrinsic and TNBC subtypes described by Lehmann et al, Lehmann and Pietenpol examined 374 TNBC samples and concluded that the majority of TNBC subtypes are primarily classified as basal-like by PAM50 (BL1 99%, BL2 95%, IM 84%, M 97%). MSL TNBCs are classified as basal-like in 50% of cases with the remainder being normal-like (28%), luminal B (14%), HER2 (5%) and luminal A (3%). LAR TNBCs are mainly composed by HER2 (70%) and Luminal B (14%) intrinsic subtypes [42] .
Molecular biology
TN tumors exhibit increased genomic instability and a higher mutation burden compared to luminal breast cancers and multiple genetic aberrations and activation of various pathways have been reported in TNBC. It has been shown that the frequencies of copy-number abnormalities and mutations vary markedly between and within tumors, indicating that mutations can arise at multiple stages of tumor progression [37, 43] . TP53 mutations are the more common genetic events, occurring in approximately 80% of TNBC cases [43] . Basal-like breast cancer is frequently characterized by activation of the PI3K/PTEN/AKT/mTOR pathway as these tumors more commonly have higher Akt activity, whereas PTEN expression is lower compared to HER2(+) tumors [44] . PIK3CA mutations (7% of all breast cancers in one study but up to 34% in others) or copy number gain (14% of breast cancers) do not seem to correlate to any specific clinicopathologic characteristics. On the contrary, breast cancers with PTEN loss (28% of breast cancers), which is mutually exclusive to PIK3CA mutations and/or Akt activation (observed in 24% of breast cancers), are more often basal-like. Of note, there seems to be an association between germline BRCA1 mutations and PTEN loss [45] . Interestingly, Shah et al [37] demonstrated that molecular aberrations in TP53, PIK3CA and PTEN, are involved in the early stages of breast-cancer development.
The retinoblastoma protein (Rb) regulates the G1 phase progression of the cell cycle as its hypophosphorylated form binds to and silences the E2F transcription factor, thus blocking passage through the restriction point. Inactivation of Rb due to low gene expression levels and loss of heterozygosity is found in up to 72% of basal-like BCs. As apoptosis downstream of Rb loss is regulated by p53 and inactivation of this tumor suppressor is common in basal-like breast cancer, it has been shown that combined mutation is oncogenic for various breast tumors including TNBC [46] .
Other pathways have also been implicated in the biology of TNBC, such as the mitogen-activated protein kinase pathway, with a mutation rate of 5% for BRAF, 2% for KRAS and 2% for HRAS in one study [47] . Moreover, amplifications of fibroblast growth factor receptor 1 (FGFR1) occur in 9% of TNBCs and of FGFR2 in 4% but mutations are rare. Whether FGFR amplification has clinical implications remains to be seen [42] .
Basal-like breast cancer is often diagnosed among patients with BRCA1 germline mutations. In addition, up to 20% of basal-like cancers harbor a BRCA gene mutation, more commonly in BRCA1, compared to only 6% among all breast cancers [48] . The observed similarities between the two entities go beyond the common expression of basal cell CKs; unlike BRCA2-associated tumors and other phenotypes of sporadic breast cancer, BRCA1-associated tumors and TNBC rarely harbor cyclin D1 amplification, express lower levels of p27 and higher levels of S-phase kinaseassociated protein 2, cyclin E, fascin, caveolins 1 and 2, osteonectin, and caspase 3 and harbor a defect in the maintenance of normal chromosome X inactivation [49] . Moreover, sporadic TNBC display clinical and molecular similarities to BRCA1-associated breast cancers and the BRCA1 pathway may be dysfunctional in these tumors despite the absence of somatic mutations, possibly due to epigenetic alterations, a concept termed "BRCAness" [50] . However, this notion remains controversial and of unproven clinical significance.
The LAR subtype seems to be enriched for PIK3CA mutations and shares similar features with ER−/HER2+ breast cancers, such as apocrine morphology and AR expression.
Treatment Current approach
In general, the treatment approach of TNBC, including decisions concerning surgery, radiotherapy, adjuvant or neoadjuvant chemotherapy and the treatment of metastatic disease, is similar to other phenotypes of breast cancer and follow the same principles and guidelines. Two important differences that may lead to increased use of neoadjuvant chemotherapy for this subtype are the more advanced stage at presentation and the increased chemosensitivity of TNBC. Since endocrine manipulation and anti-HER2 agents have no effect on TNBC, chemotherapy remains the main systemic treatment. However, newer targeted treatments for this disease are emerging.
Adjuvant Chemotherapy: According to the National Comprehensive Cancer Network (NCCN) practice guidelines, adjuvant chemotherapy is recommended for women with TNBC with node-negative disease and primary tumor size >0.5 cm or with node-positive disease and any tumor size [51] . The benefit derived from adjuvant chemotherapy is greater for TNBC compared to ER-positive breast cancer. Thus, in one study, adjuvant chemotherapy resulted in absolute increases of 23% versus 7% in disease-free and 17% versus 4% in overall survival in patients with TNBC and ER-positive tumors, respectively [52] . Moreover, the addition of taxanes (either docetaxel or paclitaxel) to standard anthracycline-based adjuvant chemotherapy regimens has been shown to offer a higher benefit to TNBC compared to other subtypes in at least three studies [53] [54] [55] . However, two questions remain unanswered regarding adjuvant chemotherapy in TNBC: it is unknown whether there is a single regimen that is superior to others and there are no data concerning the optimal management of patients with node-negative TNBC and primary tumor size <0.5 cm.
Neoadjuvant Chemotherapy: As with adjuvant chemotherapy, most data regarding the use of neoadjuvant chemotherapy in patients with TNBC are derived from retrospective subgroup analyses of trials that include all breast cancer phenotypes, a fact that may lead to underpowered investigation. The disassociation between increased chemosensitivity and dismal outcomes termed "the triple-negative paradox" has been well described [5, 56] . Several trials have shown increased rates of pathologic complete response (pCR) after neoadjuvant chemotherapy for patients with TNBC compared to other breast cancers [25, 57] . However, similar to other subtypes, initial chemoresistance to neoadjuvant chemotherapy predicts extremely poor pCR rates despite crossover to non-crossresistant agents [57] . pCR rates have been consistently shown to closely correlate with survival outcomes in patients with TNBC [25, 58] . Definitions of pCR vary, but the absence of both invasive and in situ carcinoma after neoadjuvant chemotherapy seems to best predict overall survival. The latter is rather surprising considering that in situ cancer is theoretically treated after surgery [59] and may reflect invasive cancer foci that are undetected during the pathologic examination. Relapse rates for patients with TNBC who do not achieve pCR are up to 50% at 5 years [58, 59] . Finally, the increased pCR rates among TNBC raise two important and, as yet, unanswered questions: whether there is a patient subgroup that achieves pCR and could omit completion nodal dissection and/or locoregional radiation and when is the best time to perform sentinel lymph node biopsy, before or after neoadjuvant chemotherapy.
TNBC subtyping may have a predictive value for response to cytotoxic chemotherapy. For example, Masuda and colleagues [60] performed a retrospective analysis of 130 TNBC cases treated with neoadjuvant adriamycin/cyclophosphamide/paclitaxel-containing regimen. The overall pCR rate was only 28%, but there was considerable difference in the pCR rate according to subtypes. BL1 had a 52% pCR rate; BL2 0%, LAR 10%; and MSL 23%. In addition, the specific TNBC subtype was an independent predictor of pCR status (p=0.022). Similar findings were reported by another group that subtyped 163 cases considered to be TNBC in The Cancer Genome Atlas [61] .
Targeted treatment
With a better understanding of the biology of TNBC, it is clear that the heterogeneity of this disease precludes one targeted agent to be active in all patients. Categorizing patients into biologically homogenous groups is of paramount importance for the development of more effective targeted agents. Nanostring's PAM50-based testing could be of help towards this direction [37, 62] . As shown in Table 1 , multiple putative targeted treatments are currently under evaluation in specific TNBC subtypes; it is reasonable to assume that the heterogeneity of TN tumors should be translated into differential management. Furthermore, the observed multiclonality of TNBC poses a significant challenge, since targeting a single clone with an actionable mutation could probably fail to result in a clinically meaningful response [63, 64] . Efforts for targeted treatment approaches in TNBC include the following:
Platinum salts: Consistent with the concept of "BRCAness", platinum agents are hypothesized to be effective in TNBC due to the impaired DNA repair mechanisms of these tumors. However, results have been inconsistent: in the GEICAM/2006-03 trial, the addition of carboplatin to docetaxel after initial neoadjuvant chemotherapy with epirubicin and cyclophosphamide resulted in a statistically nonsignificant increase of pCR (35% versus 30%, P=0.61) [65] . In another trial, the use of cisplatin in the adjuvant or neoadjuvant setting resulted in increased clinical complete response rates but data regarding pCR were not reported [66] . Finally, in the GeparSixto trial, the addition of carboplatin to neoadjuvant chemotherapy with paclitaxel, non-pegylated liposomal doxorubicin and bevacizumab, improved pCR rates in patients with TNBC [53.2% versus 36.9% (P=0.005)] [67] . The above data show that the use of platinum agents in the neoadjuvant setting of TNBC shows promise; however, prospective randomized Phase III trials are currently lacking. On the other hand, in the metastatic disease, cisplatin improved outcomes when added to second line metronomic methotrexate and cyclophosphamide in a single-institution, randomized Phase II trial (66% versus 33% response rate, 13 versus 7 months time to progression, 16 versus 12 months overall survival) [68] PARP inhibitors: Poly-ADP ribose polymerase (PARP) inhibition causes the accumulation of DNA strand breaks in BRCA-deficient tumors and eventually leads to cell death [69] . PARP inhibitors have been tested both in tumors with somatic BRCA mutations and in TNBCs due to the perceived "BRCAness" of these tumors; however, results are inconclusive. In one trial, olaparib resulted in a progression-free survival (PFS) of 5.7 months in patients with BRCA1 or BRCA2 mutation [70] . In another trial, veliparib combined with temozolomide achieved a response rate of only 7% among patients with TNBC, whereas all responders had germline BRCA mutations [71] . Iniparib, initially considered a PARP inhibitor, failed to improve overall and PFS when added to carboplatin and gemcitabine in patients with TNBC [72] . However, the PARP inhibitory action of iniparib has since been proven false, as it is now thought to act by increasing reactive oxygen species. These early results show that PARP inhibition may have a role in the treatment of the BRCA-mutated subgroup of TNBC [73] .
P53: The p53 family of transcription factors (p53, p63, p73), are key regulators of signaling pathways that regulate cell development and tumor suppressive processes [74] . P53 is mutated in >70% of TNBCs. In vitro studies have shown that p63 activation leads to increased sensitivity of breast cancer cells, especially TNBC cells to cisplatin, whereas p73 exhibits structural homology to p53. In model cell lines, rapamycin, an mTOR inhibitor, increases p73 occupancy at a subset of its binding sites [74] . Based on these preclinical observations, a randomised Phase II study of neoadjuvant chemotherapy paclitaxel/cisplatin+/− everolimus has been initiated (NCT00930930) [76] .
PI3K inhibition: Preclinical data have shown that TNBC cells, especially those of the LAR subtype that harbor PI3K mutations more frequently, display strong sensitivity to PI3K pathway inhibitors [77] . Combinations of PI3K inhibitors and cisplatin show synergistic decrease in the viability of TNBC cells with significant decreases in pAKT and pS6 levels and elevation in cleaved PARP. Moreover, PI3K inhibitors downregulate BRCA1/2 expression, thus sensitizing BRCA-proficient tumors to PARP inhibition [78] . A Phase I study of a pan-PI3K with a PARP inhibitor combination is currently ongoing in metastatic TNBC.
MEK inhibition: Activation of the RAS/MEK pathway seems to play an important role in basal-like cells survival [79] . Preclinical data suggest that TNBCs with PTEN expression and low activation of DUSP4 (a negative regulator of ERK1 and ERK2 kinases) have a dependency on RAS-ERK activation [80] and could be sensitive to combinations of chemotherapy with MEK inhibitors.
Angiogenesis inhibitors: Vascular Endothelial Growth Factor (VEGF) is the most important mediator of tumor angiogenesis and expression of VEGF has been found to be higher in TNBC compared to non-TNBC [81] . In the neoadjuvant setting, a prespecified subgroup analysis of the GeparQuinto trial showed improved pCR rates with the addition of bevacizumab, an anti-VEGF monoclonal antibody, to the standard neoadjuvant chemotherapy in TNBC patients (39.3% versus 27.9% P=0.003) [82] . Another large Phase III trial, NSABP-B40, showed the opposite results in the same setting (pCR 51.3% versus 47.3% with and without bevacizumab, respectively, P=0.44) [83] . In metastatic disease, subgroup analyses from the AVADO and E2100 trials showed that bevacizumab added to standard chemotherapy doubled PFS in patients with TNBC, whereas the RIBBON-1 trial showed no difference [84] .
A meta-analysis of these three first-line trials showed an improvement in PFS by 2.7 months with the addition of bevacizumab (P<0.0001) [85] . Finally, in the second-line setting, bevacizumab added to chemotherapy (taxane, gemcitabine, capecitabine or vinorelbine) significantly improved PFS (6 versus 2.7 months, P=0.0006) and the difference in overall survival bordered but did not reach clinical significance (17.9 versus 12.6 months, P=0.0534) [86] . Tyrosine kinase inhibitors targeting the VEGF receptor have also been tested in TNBC in phase II trials. Sunitinib and sorafenib as single agents showed limited activity and significant toxicity when combined with chemotherapy [87] [88] [89] [90] . However, in at least one trial, the combination of sorafenib with capecitabine improved PFS over capecitabine alone (4.3 versus 2.5 months).
EGFR inhibitors: Since TNBC frequently stains immunohistochemically positive for EGFR, various agents targeting the EGFR pathway have been tested in this subtype. Cetuximab, a monoclonal antibody that targets the extracellular domain of EGFR has been tested in three Phase II trials that enrolled metastatic TNBC patients in various combinations, mainly with platinum salts (cisplatin, carboplatin, irinotecan and carboplatin, respectively). However, activity was modest with improvements in response rates but no improvement in overall survival and PFS in the first two trials [91] [92] [93] . Lapatinib, an EGFR and HER2 inhibitor, failed to improve outcomes when combined with paclitaxel in metastatic patients [94] . Erlotinib, an EGFR inhibitor, showed promising activity when combined with docetaxel and carboplatin in the neoadjuvant setting [95] .
Src inhibitors: Expression profiling suggests that basal-like cancers may be preferentially sensitive to src inhibition. In a Phase II trial, dasatinib, a src inhibitor that also potently inhibits BCR-ABL, showed a clinical benefit rate of 9.2% among patients with TNBC prior exposure to anthracycline and taxane therapy [96] .
mTOR inhibitors: As previously stated, the PI3K/ PTEN/AKT/mTOR pathway is frequently activated in TNBC. Everolimus, an mTOR inhibitor approved for use in ER-positive breast cancer, kidney cancer and neuroendocrine tumors, did not improve outcomes in the neoadjuvant setting when combined with standard chemotherapy [97] . In the metastatic setting, 25 pretreated patients (including platinum pretreated) received a combination of carboplatin and everolimus; disease control rate was 36% (including one complete and six partial responses) and median PFS was 3 months [98] .
Antiandrogens: In one recent Phase II study, only AR-positive TNBCs were treated with the AR antagonist bicalutamide and a 19% clinical benefit rate was observed, leading to an ongoing trial testing the more potent AR antagonist enzalutamide [99] .
Future prospects and conclusion
Despite improvements in the understanding of the biology of triple-negative breast cancer, the prognosis is poor and novel treatment strategies remain an unmet need. Despite increased chemosensitivity, a proportion of patients with early TNBC do not derive benefit from adjuvant or neoadjuvant chemotherapy. The recognition of pCR as an appropriate surrogate for measuring longterm outcomes facilitates the optimization of treatment in early TNBC. However, the most appropriate treatment for patients with very early tumors (i.e. <0.5 cm) and the optimal sentinel lymph node biopsy strategies are currently unknown. Moreover, unanswered questions remain concerning the role of platinum compounds in the metastatic setting that is being addressed in ongoing trials, such as the Triple Negative Breast Cancer Trial (TNT study, NCT00532727), evaluating the activity of carboplatin versus docetaxel after progression with an anthracycline.
Regarding targeted treatments, it is clear that this approach, thus far, has looked less promising compared to ER-positive and HER2-positive breast cancers. Retrospective evaluations of anti-VEGF treatment demonstrated encouraging improvements in PFS, whereas EGFR, mTOR and src inhibition had minimal activity. However, PI3K and Rb pathway targeting has a strong biologic rationale and ongoing research may yield clinically relevant results. Moreover, PARP inhibition seems to be active mainly in the subset of TNBC that harbor BRCA mutations.
The challenges for the future are to better understand the heterogeneity of TNBC, to appropriately select well-defined patient populations for specific targeted treatments, to discover biomarkers that are predictors of response and to conduct prospective Phase III trials in TNBC-only populations to better evaluate the role of existing targeted treatments. In conclusion, triple-negative breast cancer exhibits remarkable heterogeneity. The understanding of the distinct molecular subtypes and the signaling pathways underlying its biology may lead to improved outcomes for this poor prognostic subgroup of breast cancer patients through the conduct of rationally designed clinical trials.
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